PD 13230 1-2, a novel inhibitor ofacyl-CoA: cholesterol acyltransferase, is adrenotoxic to several laboratory animal species. Morphogenesis of a zona fasciculata-specific cytotoxicity was evaluated in male Hartley guinea pigs administered 100 mg/kg of PD 132301-2 for up to 7 days. Reversibility of adrenal effects was assessed after a 14-day drug withdrawal period (day 21). Serum cortisol concentrations were determined under basal conditions and after administration of adrenocorticotrophic hormone (ACTH) on days 1, 2, 4, 7, and 2 1. Isolated foci of cortical cell degeneration and necrosis were apparent in outer zona fasciculata by 2 hr and throughout the zona fasciculata at 6 hr. Early degenerative ultrastructural changes included aggregation of smooth endoplasmic reticulum (SER), variable condensation of mitochondria1 matrices and swelling of cristae, partitioning of organelles, autophagosome formation, and disruption of lipid globules. Lesions progressed to locally extensive or diffuse zonal necrosis on days 1 and 2 and near complete ablation of zona fasciculata by day 4. Fasciculata cells remaining on day 4 had reduced numbers and increased size of lipid globules, increased lysosomes, and, occasionally, aggregates of SER and mitochondria. On day 7, SER proliferation and lipid depletion were apparent in remaining cells. ACTH responses were attenuated 24 hr after the first dose, and reduction in basal cortisol levels were seen by 24 hr after the second dose with both effects maximal on day 7. After a 14-day withdrawal period, ACTH responses and adrenal morphology returned to normal. It was concluded that PD 132301-2 induced rapid, reversible, zone-specific, morphologic, and functional adrenocortical effects. Furthermore, mitochondria and SER represented early subcellular targets of toxicity.
INTRODUCTION
Acyl-CoA : cholesterol acyltransferase (ACAT).. catalyzes the intracellular esterification of cholesterol (23) and thereby promotes its absorption by the small intestine ( 5 , 9 ) and its intracellular storage in a wide variety of tissues including the adrenal gland (23) . In atherosclerotic lesions, accumulation of cholesteryl esters is partially due to ACAT activ-in rabbits, guinea pigs, and monkeys administered higher doses of PD 13230 1-2 (1 9) . In dogs, adrenal cytotoxicity probably occurred by a mechanism other than ACAT inhibition since adrenal cholesteryl esters were unaffected at the lowest oral dose that elicited adrenal lesions (4) .
This study was designed to explore the development and reversibility of adrenocortical lesions induced by PD 132301-2 in male guinea pigs. To satisfy this objective, time-dependent ultrastructural features of the adrenal lesion and consequent functional perturbations were studied. In this investigation, peracute, drug-associated degeneration and necrosis of fasciculata cells observed were consistent with cytotoxicity by a mechanism other than adrenal ACAT inhibition. Furthermore, mitochondria and smooth endoplasmic reticulum (SER) appeared to be early subcellular targets of cytotoxicity.
MATERIALS AND METHODS Experiniental Design. Ninety-six male Hartley albino guinea pigs approximately 7 wk of age were randomly assigned to 8 vehicle control and 8 treatment groups (6/group). Treated guinea pigs were administered 100 mg/kg of PD 132301-2 in 0.5% methylcellulose by gavage for up to 7 days. Guinea pigs from 1 control and 1 treatment group were necropsied at 0.5, 2, and 6 hr after the initial dose, on days 1, 2, 4, and 7 during the treatment phase and after a 14 day recovery period (day 21).
ACTH Challenge Tests. Plasma cortisol concentrations were determined under basal conditions and 1 hr after intramuscular administration of 25 pg of Cortrosyna (Organon, West Orange, NJ), a synthetic adrenocorticotrophic hormone (ACTH), in 6 control and 6 treated guinea pigs on days 1, 2,4, 7, and 21. Adrenal Perfusion Fixation. At each scheduled necropsy, a minimum of 3 animals per group were anesthetized with a combination of ketamine HCl (60-100 mglkg) and xylazine (10-20 mglkg). After reaching a deep plane of anesthesia, the abdomen was incised along its midline from pubis to xyphoid process. Adrenal glands were fixed using a retrograde aortic perfusion technique (6) . Briefly, abdominal vasculature was cleared for 45 sec with buffered physiologic saline held at room temperature and containing 50 IU/ml of heparin sulfate. Saline wash was followed by 10 min of perfusion fixation with cold (4°C) 2% glutaraldehyde solution administered at a flow rate of 10 mVmin via a Masterflex peristaltic pump.
Puthologv. Longitudinal sections of left and right adrenal were collected after perfusion fixation and further fixed for 24-48 hr in 10% neutral-buffered formalin, processed by routine paraffin technique, sectioned at 2 pm, and stained with hematoxylin and eosin for routine light microscopy. Full thickness strips of adrenal cortex were collected from a minimum of 3 perfusion-fixed left adrenals per group at each time point and routinely processed for electron microscopy. For each time point, 2-4 randomly selected blocks of adrenal cortex from control and treated animals were sectioned at 1 pm, stained with Toluidine blue, and examined microscopically. A minimum of 2 blocks with well-delineated adrenocortical zones were thin-sectioned for ultrastructural evaluation. Statistical Analysis. Treatment-associated effects on basal and post-ACTH plasma cortisol concentrations were evaluated at each time point using a 1 -way analysis of variance.
RESULTS

ACTH Response Test
A statistically significant (p < 0.01) reduction in ACTH responsiveness was apparent in treated animals by day 1 when the mean post-ACTH plasma cortisol was approximately 60% of controls ( Fig. 1 ). An attenuated response to ACTH was accompanied by reduced basal levels of cortisol in treated animals 'ori days 2,5, and j ' when compared to control values.
Maximal effects of approximately 50% decrease in basal cortisol and 75% decrease in post-ACTH cortisol occurred after 7 days of treatment. After a 14 day recovery period, basal and post-ACTH cortisol values of treated animals were comparable to controls.
Histopathology
Within 2 hr of oral dosing with PD 132301-2, there were isolated foci of single-cell degeneration and necrosis in outer zona fasciculata of a few animals. At 6 hr, single cortical cell degeneration and necrosis were more conspicuous and widespread within the zona fasciculata and were often associated with minimal infiltrates of heterophils ( Fig. 2 ). On days 1 and 2, piecemeal to diffuse patterns of cortical cell necrosis ( Fig. 3 ), increased infiltrates of heterophils and small foci of dystrophic mineralization were apparent in zona fasciculata. Within zones of diffuse necrosis there were isolated cells or nests of normal appearing cortical cells. In other regions, remaining fasciculata cells had pyknotic nuclei and increased numbers of coarse cytoplasmic vacuoles.
Degeneration and necrosis of fasciculata cells progressed to near complete or complete zonal ablation by days 4-7. In several fields, there was minimal single-cell necrosis of outer zona reticularis cells. Foci ofdystrophic mineralization and inflammatory cell infiltrates composed of heterophils, macrophages, and lymphocytes were more prominent in atrophic zona fasciculata at these later time points. On day 7, microgranulomas formed within severely effaced zona fasciculata. Following a 14 day drug withdrawal period, there was near complete return to normal adrenocortical architecture. Residual histologic alterations after the recovery period included minimal, multifocal mononuclear cell infiltrates and mineralization within the restored zona fasciculata.
Electron Microscopy
At 2 hr, degenerate cortical cells in outer zona fasciculata had aggregated or vesiculated SER and shrunken mitochondria with condensed electrondense matrices ( Fig. 4 ). Necrotic cortical cells with swollen mitochondria and rarefied cytoplasm were uncommon.
Although morphologically normal fasciculata cells predominated at 6 hr, there were increased numbers of degenerate and necrotic cells with aggregated to vesiculated SER and condensed to swollen mitochondria ( Fig. 5 ). SER, lipid, and mitochondria were often partitioned into distinctly separate regions of the cytoplasm in advanced stages of degeneration and in necrotic cells. Within some aggregates of SER, were variable sized myelin figures and autophagosomes containing swollen mitochondria, lipid, and SER membrane (Fig. 6 ). There were also conspicuous electron-dense, amorphous to membranous alterations along the periphery of numerous lipid globules in many degenerate cells. Clumping and margination of nuclear heterochromatin was noted in advanced stages of fasciculata cell degeneration. In some cells, there was an apparent contraction of cytoplasmic organelles that resulted in the forma-tion of subplasmalemmal regions devoid of organelles.
Ultrastructural alterations in fasciculata cells on days 1 and 2 were identical to those noted at 6 hr; however, a greater percentage of zona fasciculata was affected. By day 4, there were decreased numbers and increased size of lipid globules in many remaining fasciculata cells. These cells were generally smaller than those in controls and often had normal mitochondria, evenly dispersed SER, and, occasionally, increased lysosomes. Degenerate and necrotic fasciculata cells were still apparent.
The few fasciculata cells remaining on day 7 had low numbers of variable-sized lipid droplets, large aggregates of mitochondria, and numerous lysosomes ( Fig. 7) . In some lipid-depleted fasciculata cells, SER was very prominent. Atrophic regions of zona fasciculata contained macrophages replete with lipid and residual bodies. Near normal adrenocortical ultrastructure was seen after a 14 day drug withdrawal period ( Fig. 8) . Most fasciculata cells at this time had slightly fewer lipid globules than controls and, less commonly, more conspicuous SER. Necrotic cell debris was seen only in fixed macrophages adjacent to sinusoids. No significant ultrastructural altera.tions were identified in zona glomerulosa or reticularis. Treatment-associated sinusoidal endothelial changes were not identified.
DISCUSSION
Mitochondria were critical subcellular targets of fasciculata cells early in the morphogenesis of PD 13230 1-2 induced adrenocortical degeneration and necrosis. The rapid onset of morphologic mitochondrial alterations (2 hr) was consistent with a functional mitochondrial perturbation as the primary event in irreversible adrenal fasciculata cell injury in guinea pigs. This hypothesis was supported by recent in vitro cytotoxicity studies where PD 132301-2 rapidly depleted guinea pig adrenal zona fasciculata cell ATP stores and decreased the cellular ATP:ADP ratio as a consequence of inhibition of mitochondrial respiration (24) . Consistent with the peracute nature of the adrenal lesion in vivo, PD 13230 1-2 did not require adrenal P-450 metabolism :to,be,bytotoxic in, vitro (24, 25) .
In the present study, depletion of ATP stores likely contributed to the conspicuous contraction (condensation) of mitochondrial matrices observed in degenerate cortical cells as early as 2-6 hr postdosing. Although degenerative changes were advanced in many adrenocortical cells at 6 hr, high amplitude swelling of mitochondria was less frequently observed than mitochondrial matrical condensation. Ultrastructural mitochondrial changes have also been described in adrenocortical cells following capacity for drug uptake than cell differences in drugmetabolizing capacity. Depletion ofcytoplasmic lipid globules in this population of cells was an expected result of adrenal ACAT inhibition because this enzyme is believed essential for maintenance of normal adrenocortical cholesteryl ester zones (1, 23) and has been demonstrated at high concentrations in the zona fasciculata of guinea pigs (14) .
Acute morphologic features of the PD 132301-2 induced adrenocortical cytotoxicity were more suggestive of direct chemically mediated injury rather than local ACAT inhibition. Mitochondria1 condensation and swelling, aggregation of SER, autophagosome formation, and cytoplasmic rarefaction have been described as ultrastructural features associated with toxic cellular injury (3). Although SER reduplication has been described as an early change in xenobiotic induced cell injury (3), SER aggregates at 2-6 hr in the present study likely resulted from disrupted energy metabolism and associated breakdown of cytoskeleton. Absence of recognizable SER beyond these aggregates in many affected cells was a further indication of process of condensation rather than reduplication.
In the present study, the degree of attenuation in ACTH responsiveness with time was directly proportional to the extent of necrosis within the zona fasciculata. This was an expected correlation since basal cortisol output from the outer adrenal cortex (primarily zona fasciculata) of the guinea pig has been shown to be 5-10-fold greater than the zona reticularis (1 5), and cytosolic cortisol concentration of zona fasciculata was reputedly 30 times greater than that determined for the zona reticularis (22) . Return of normal ACTH responsiveness occurred in our study after a 2 wk drug withdrawal period when there was cortical cell repletion within the zona fasciculata.
We conclude that PD 132301-2 caused a peracute, zone-specific, reversible adrenocorticolytic lesion in male guinea pigs treated for 2 wk. In addition, the rapid onset of the adrenocortical lesion and its ultrastructural features were not representative of those expected from adrenal ACAT inhibition.
